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The aim of the present study was to investigate the interaction between the angiotensin-converting enzyme 1 (ACE) I/D polymorphism and energy
and macronutrient intakes on adiposity-related phenotypes among toddlers and preschoolers. A representative sample of 2374 Greek children aged
1 to 5 years old was examined (Growth, Exercise and Nutrition Epidemiological Study in preSchoolers (GENESIS)). Dietary and anthropometric
(i.e. BMI, waist circumference (WC)) assessments were carried out using standard procedures. DNA samples were obtained from 2102 children
and were genotyped for the ACE I/D polymorphism. Among the entire population, 17 % were ‘at risk of overweight’ and a similar percentage
were ‘overweight’. The frequencies of the II, ID and DD genotypes were 16, 46 and 38 %, respectively. Significant interactions were found
between the ACE I/D polymorphism and total energy intake on WC (P¼0·004 for interaction) and the ACE I/D polymorphism and protein
intake on BMI and being overweight (P,0·05 for interaction). Furthermore, it was found that the ACE I/D polymorphism may modify the
effect of fat intake on WC and BMI, but this interaction disappeared after adjustment for additional potential confounders. Stratified analyses
revealed that total energy is correlated with WC and protein intake is associated with BMI and being overweight only among carriers of the
D-allele (i.e. DD or ID genotypes). These results suggest that the ACE I/D polymorphism may act as a modifying factor in the response of
adiposity-related phenotypes to diet.
Gene–nutrient interaction: Protein intake: Carbohydrate intake: Fat intake
Childhood overweight and obesity rates are increasing
worldwide and have reached epidemic proportions in many
developed countries(1 – 3). This increase has been proposed to
be due to changes in environmental factors such as an increase
in the fat content of the diet and a decrease in physical
activity(4 – 6). However, it is also evident that genetic
factors play an important role in mediating the effect of
environmental factors on obesity(7) and it is estimated that
40–70 % of the inter-individual variation in adiposity is due
to environment–gene interactions(8).
Genotype–environment interactions arise when the res-
ponse of a phenotype (for example, body weight) to environ-
mental changes (for example, dietary intervention) is
modulated by the genotype of the individual. Determining
these interaction effects for obesity-related phenotypes is
important because it will facilitate the identification of indi-
viduals at risk of obesity, as well as those likely to be resistant
to dietary interventions and hence requiring more drastic or
better-adjusted dietary prescription.
The most recent obesity gene map indicates that there are
more than 100 genes that have the potential to influence
obesity(9). The most widely studied genes are those implicated
in the regulation of adipose tissue metabolism and those con-
trolling energy intake and expenditure. One candidate gene is
the angiotensin-converting enzyme 1 (ACE) gene. This is a
key component of the renin–angiotensin system that converts
angiotensin I to II (a vasoconstrictor)(10), as well as hydroly-
sing bradykinin (a vasodilator) and other active oligopep-
tides(11). Several components of the renin–angiotensin
system have been detected in adipose tissue(12) and the local
renin–angiotensin system may be involved in the regulation
of adipose tissue physiology and possibly in the pathophysio-
logy of obesity and obesity-associated hypertension, since it
has been shown that angiotensin II increases lipogenesis(13).
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Abbreviations: ACE, angiotensin-converting enzyme 1; GENESIS, Growth, Exercise and Nutrition Epidemiological Study in preSchoolers; L-VPA, light to vigorous
physical activities.
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More than 100 polymorphisms have been reported in the
ACE gene, with the ACE insertion/deletion (I/D) polymorphism
being repeatedly found to be associated with obesity-related
phenotypes(14 – 16). Given its position in an intron, it is unlikely
that the I/D polymorphism is a functional variant and
more likely that these associations are mediated through link-
age disequilibrium with a neighbouring functional variant.
However, the I/D polymorphism associates with ACE activity
and remains an easily testable proxy for any functional poly-
morphism. The I-allele is associated with lower, and the
D-allele with higher, circulating ACE activity. Recently,
Moran et al. examined the effect of an interaction between
the ACE I/D polymorphism and lifestyle on adiposity in
Greek adolescents(16). To our knowledge, there are no data
regarding the potential interaction effect between the ACE
I/D polymorphism and diet on adiposity-related phenotypes.
Therefore, the aim of the present study was to assess whether
the ACE I/D polymorphism modifies any effect of diet
(i.e. total energy, fat, protein and carbohydrate intake) on obes-
ity-related phenotypes among toddlers and preschoolers.
Methods
Sampling
The design and rationale of the ‘Growth, Exercise and Nutri-
tion Epidemiological Study in preSchoolers’ (GENESIS) have
been published previously(17). Briefly, between April 2003
and July 2004, 2518 children, aged 1–5 years were recruited
in the study from a representative sample of randomly selected
public and private nurseries as well as day-care centres within
municipalities in five counties of Greece. All nurseries invited
to participate responded positively. Each parent having a child
in these nurseries received an extended letter explaining the
aims of the study and a consent form. Those parents that
agreed to participate in the study had to sign the consent
form and provide their contact details. From the total
number of positive responses (response rate 75 %), complete
data became available for 2374 children with participation
rate varying from 54 to 95 %, reaching the highest rates in
rural areas and the lowest in urban areas. Approval to conduct
the study was granted by the Ethical Committee of Harokopio
University and by all municipalities invited to participate in
the study.
Anthropometric measurements
Body weight was recorded to the nearest 10 g, recumbent
length to the nearest 0·1 cm and standing height to the nearest
0·1 cm, as well as waist circumference (WC). Details about the
measures used for performing the aforementioned measure-
ments are presented elsewhere(17). BMI was calculated as
the ratio of weight (kg) with height squared (m2). The Nutstat
module of EpiInfo(18) was used to determine children’s age
and sex-specific percentiles for weight, length and BMI. The
US Center for Disease Control age- and sex-specific growth
charts and relative cut-off points were used for the definition
of overweight(19). Specifically, up to 24 months the weight-
for-length growth chart was used to classify children .95th
percentile as ‘overweight’, while for children older than 24
months, the BMI-for-age chart was used to classify children
$85th and ,95th percentile as ‘at risk of overweight’ and
those $95th percentile as ‘overweight’. Subsequently, we
divided children into overweight (those being ‘at risk of over-
weight’ or ‘overweight’) and normal weight (those with
normal weight or underweight). Finally, paternal and maternal
BMI were calculated from self-reported height and weight.
Dietary assessment
Dietary intake data were obtained for two consecutive week-
days and one weekend day using a combination of techniques
comprising weighed food records (during nursery hours) and
24 h recall or food diaries (outside nurseries, under parents’
or guardians’ supervision). More specifically, during the two
weekdays, and while the child was at the nursery, a team
member weighed and recorded all foods consumed by each
child. Information on the food consumed outside the nursery
was obtained during a prearranged meeting with the parent
or guardian the following day. During the interview each
parent or guardian was familiarised with portion sizes and
the relevant procedures required to successfully complete a
food record at home on the forthcoming weekend day, most
preferably Sunday. Parents were advised to return the food
diaries at the nursery on Monday mornings, where a team
member received and checked the records for any errors.
Food intake data were analysed using the Nutritionist V diet
analysis software (First Databank, San Bruno, CA, USA),
which was extensively amended to include traditional Greek
foods and recipes(20,21).
Physical activity assessment
Using a valid, structured questionnaire, information regarding
children’s physical activity was obtained by parents during
scheduled interviews at the nurseries(17). Parents were asked
to provide information on their child’s participation in outdoor
organised or non-organised physical activities while a research
team member recorded this information on this proxy
questionnaire. Emphasis was placed on ‘light to vigorous
physical activities’ (L-VPA) with intensity higher than 4 meta-
bolic equivalents. More information on the type of activities
comprising L-VPA is presented elsewhere(17).
Data obtained by parents and birth certificates
A structured interview was conducted with both parents, in
order to collect additional information regarding: (a) parental
educational level; (b) maternal medical history of gestational
diabetes; (c) maternal active and passive smoking patterns
during pregnancy; (d) mother’s age at birth; (e) parity (first-
born v. not first-born child); (f) children’s feeding patterns
from birth to 6 months of age (i.e. breast-feeding, use of
formula and age when formula was first initiated). Based on
the collected information and on the criteria provided by
the WHO for the definition of breast-feeding the following
three categories were created: exclusive breast-feeding, exclu-
sive formula feeding and mixed feeding with concurrent use of
breast milk and formula.
Furthermore, parents were asked to bring with them
their child’s birth certificate and medical record from which
the birth weight, child’s weight and recumbent length at
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6 months of age were recorded. By asking mothers about the
date of their last menstrual period gestational age was obtained.
Weight gain during the first 6 months of life was defined as the
difference in weight-for-length z-scores from birth to 6 months
of age. The following ranges in the observed z-score differences
were used to categorise weight gain of children as ‘poor’ (,21
z-score difference), ‘average’ (21 to þ1 z-score difference) or
‘rapid’ (.þ1 z-score difference). This categorisation allows
both comparisons of fast-growing children against all others
as well as dose–response examination.
DNA extraction
Buccal cell samples were obtained non-invasively by cytology
brush (Medical Packaging Corporation, Camarillo, CA, USA)
from 2374 subjects (1218 males and 1156 females) according
to the manufacturer’s recommendations and stored in Eppen-
dorf tubes containing cell lysis solution (0·1 M-EDTA, 1 %
SDS, 0·1 M-2-amino-2-hydroxymethyl-propane-1,3-diol-HCl,
pH 7·6). Genomic DNA was extracted using Nucleospinw
Tissue columns and a 96 Tissue Purification Kit (Clontech,
Inc., Mountain View, CA, USA). After purification, DNA
was stored in Thermofast rigid semi-skirted ninety-six-well
plates (ABgene, Epsom, Surrey, UK) at 2208C(15).
Genotyping
DNA amplification was carried out for the ACE I/D poly-
morphism. Genotypes were determined as previously
described(16). Briefly, a three-primer system was used inclu-
ding a forward primer recognising the deletion (D) sequence,
a forward primer specific for the insertion (I) sequence and a
common reverse primer. PCR reactions were performed in a
final volume of 25ml and the presence of the I- and D-allele
resulted in 252 bp and 197 bp products respectively.
Statistical analysis
The Shapiro–Wilk test was used to evaluate the normality of
continuous variables (i.e. BMI, WC, total energy and macro-
nutrient intakes). Although the test showed that BMI and
WC are not normally distributed, the histogram of these
characteristics showed that their distribution approximates
well the normal distribution. Therefore, no transformation
was performed. Continuous variables are presented as mean
values and standard deviations, and categorical variables
are summarised as absolute and relative (%) frequencies.
Correlations between BMI, WC and total energy and macro-
nutrient intakes were evaluated by the Pearson’s correlation
coefficient, while the associations between macronutrient
and total energy intakes and the binary variable indicating
normal-weight and overweight children were evaluated
through the Student’s t test. Associations between genotype
distributions and other categorical variables were tested by
the use of contingency tables and the calculation of x2 tests
without the correction of continuity. Comparisons between
continuous variables and three genotypes of the ACE I/D poly-
morphism (i.e. II, ID, DD) were evaluated using one-way
ANOVA after testing for equality of variances (homosceda-
city). However, due to multiple significance comparisons,
we used the Bonferroni correction in order to account for
the increase in type I error.
Multiple logistic regression analysis was applied to evaluate
the associations between being overweight (‘overweight’ or
‘at risk of overweight’ v. normal weight) and the ACE I/D
polymorphism as well as total energy intake, while multiple
linear regression was performed to evaluate the associations
between BMI, WC and the ACE I/D polymorphism as well
as total energy intake. To explore whether the ACE I/D poly-
morphism modifies the effect of total energy intake on obes-
ity-related phenotypes, two interaction terms were included
in the models. These terms comprised of the product of two
dichotomous ACE I/D genotype variables (dummy variables)
with total energy intake. The test for interaction was per-
formed comparing the likelihood of the model without inter-
action terms with the likelihood of the model including
interaction terms, through the likelihood ratio test. Similar
analyses were performed using macronutrient intakes (i.e. pro-
tein, fat and carbohydrate intakes, separately) instead of total
energy intake. When interaction terms were statistically sig-
nificant (i.e. total energy intake £ ACE I/D, fat intake £ ACE
I/D and protein intake £ ACE I/D), stratified analysis by
ACE genotype was performed. As such, we evaluated the
effect of total energy intake, protein and fat intake, separately,
on obesity-related phenotypes after controlling for potential
(i.e. child’s age, sex, maternal age at birth, parity, postnatal
feeding practice, gestational diabetes, maternal educational
status (years), maternal smoking during pregnancy, birth
weight, weight gain in the first 6 months, parental BMI,
time spent on L-VPA). Appropriate tests for goodness of fit
(i.e. Hosmer–Lemeshow test for logistic regression and
plots of jack-knife residuals against fitted values for linear
regression) were applied to final models. A probability value
of 5 % was considered statistically significant. All statistical
calculations were performed using SPSS version 14.0 software
(SPSS Inc., Chicago, IL, USA).
Results
Characteristics of the participants
Obesity-related measures and dietary characteristics of partici-
pants by sex as well as for the entire population are presented
in Table 1. No difference was observed in obesity-related pheno-
types (i.e. BMI, WC, weight status) between sexes, while the
total energy and macronutrient intakes were higher in boys
compared with girls. Among the entire population, 17 % were
‘at risk of overweight’ and 17·6 % were ‘overweight’.
Association between diet and obesity-related phenotypes
Univariate analysis revealed that the total energy intake as well
as the total fat and saturated fat intake of overweight children was
higher compared with normal-weight children, while the former
consumed lower quantities of carbohydrate compared with the
latter (Table 2). After controlling for potential confounders
(i.e. age of child, sex, maternal age at birth, parity, postnatal
feeding practice, gestational diabetes, maternal educational
status, maternal smoking during pregnancy, birth weight,
weight gain in the first 6 months, parental BMI, time spent on
L-VPA) through multiple logistic regression, total energy,
Adiposity-related phenotypes and diet 1335
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fat, saturated fat and carbohydrate intakes remained significant
factors for being overweight (data not shown). Moreover, we
found that total energy intake and all macronutrient intakes,
with the exception of protein and simple carbohydrate intake,
were significantly correlated with WC, while only total energy
intake was significantly correlated with BMI (Table 2). After
adjustment for the aforementioned confounders, only total
energy intake was positively associated with BMI and WC
(P,0·01; data not shown).
Distribution of angiotensin-converting enzyme 1 (ACE)
I/D polymorphism and its association with obesity-related
phenotypes
Genotyping for the ACE I/D polymorphism was successful in
2033 individuals. The population was found to be in Hardy–
Weinberg equilibrium at this locus (P¼0·199) and the
overall allele frequencies were f(I) ¼ 0·39 and f(D) ¼ 0·61.
The genotype frequency was 38, 46 and 16 % for DD, DI
and II, respectively. There were no differences in genotype
frequencies between boys and girls (P¼0·694)(15). No differ-
ence was observed in macronutrient intakes among the three
genotypes as well as in BMI and WC. Although the present
results did not reach statistical significance, the prevalence
of overweight was higher among children with the II genotype
(37 %) compared with those with DD (32 %) and those with ID
(32 %; P¼0·166). Similar results were observed after stratified
analysis by sex.
Obesity-related phenotypes, angiotensin-converting enzyme 1
(ACE) I/D polymorphism and diet
In order to evaluate whether the ACE genotype modifies the
effect of total energy intake on adiposity-related phenotypes,
multiple logistic (for binary variable as phenotype) and
linear regression (for BMI and WC as phenotype) models
Table 1. Obesity-related measures and dietary characteristics of toddlers and preschoolers in the Growth, Exercise
and Nutrition Epidemiological Study in preSchoolers by sex and for all participants
(Mean values and standard deviations)
Boys (n 1215) Girls (n 1131) All (n 2346)
Mean SD Mean SD Mean SD
Age of children (months) 41·5 12·0 41·7 12·0 41·5 11·8
BMI of children (kg/m2) 16·3 1·6 16·3 1·6 16·3 1·6
Children’s weight status†
Normal weight (%) 66 65 65
At risk of overweight or overweight (%) 34 35 35
Waist circumference of child (cm) 51·2 4·2 51·3 4·7 51·3 4·5
Birth weight (kg) 3·4 0·5 3·2* 0·5 3·3 0·5
Total energy intake (kJ/d) 5933·0 1318·0 5627·0* 1218·0 5820·0 1326·0
Protein intake (g/d) 58·6 15·5 55·4* 14·6 16·5 2·6
Total fat intake (g/d) 63·2 17·8 59·9* 16·5 40·0 5·5
Saturated fat intake (g/d) 26·0 8·8 24·5* 7·9 25·3 8·4
Monounsaturated fat intake (g/d) 26·0 8·4 24·7* 7·9 25·4 8·2
Polyunsaturated fat intake (g/d) 6·7 2·4 6·4* 2·4 6·5 2·4
Total carbohydrate intake (g/d) 161·3 40·8 153·2* 37·9 45·6 6·7
Simple carbohydrate intake (g/d) 41·8 21·7 38·8* 19·1 40·4 20·5
* Mean value was significantly different from that of the boys (P,0·05).
† Data are presented as relative (%) frequencies.
Table 2. Relationships between macronutrient intakes and obesity-related phenotypes among toddlers and preschoolers
in the Growth, Exercise and Nutrition Epidemiological Study in preSchoolers: results from univariate analysis
(Mean values and standard deviations)
Being overweight†
Normal Overweight
Mean SD Mean SD BMI‡ WC‡
Total energy intake (kJ/d) 5753 1226 5950* 1372 0·092* 0·214*
Total fat intake (% total energy intake) 39·8 5·6 40·4* 5·2 0·043 0·120*
Saturated fat intake (% total energy intake) 16·3 3·6 16·7* 3·6 0·052 0·086*
Monounsaturated fat intake (% total energy intake) 16·4 3·4 16·6 3·2 0·003 0·124*
Polyunsaturated fat intake (% total energy intake) 4·2 1·2 4·3 1·2 20·023 0·091*
Protein intake (% total energy intake) 16·5 2·6 16·6 2·5 0·004 20·020
Total carbohydrate intake (% total energy intake) 45·8 6·8 44·9* 6·2 20·046 20·087*
Simple carbohydrate intake (% total energy intake) 11·8 5·4 11·3 4·8 20·065 0·005
WC, waist circumference.
*P,0·05.
† The comparison of mean values between the two groups (i.e. normal and overweight) was performed by using the Student’s t test.
‡ Pearson correlations.
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including total energy intake, ACE genotype and their
interaction terms were applied (model 1; Table 3). In these
models, age and sex of children were also included as potential
confounders. It was found that the ACE I/D polymorphism mod-
ifies significantly the effect of total energy intake on WC. After
adjustment for additional potential confounders (i.e. maternal
age at birth, parity, postnatal feeding practice, gestational
diabetes, maternal educational status, maternal smoking
during pregnancy, birth weight, weight gain in the first 6
months, parental BMI, time spent on L-VPA), the interaction
effect on WC remained significant (P¼0·05) (data not shown).
Similar analyses were performed for the evaluation of the
potential interaction between several macronutrient intakes
(i.e. total fat, protein and carbohydrate intake) and ACE I/D
genotype (models 2, 3 and 4, respectively) (Table 3). The
interaction between the ACE I/D polymorphism and protein
intake was statistically significant for all obesity-related
phenotypes, after adjustment only for age and sex. However,
after controlling for additional potential confounders, the
interaction effect remained significant only on BMI and
being overweight. No statistically significant interaction
was observed between carbohydrate intake and the ACE I/D
polymorphism. Moreover, it was revealed that the ACE I/D
polymorphism marginally modifies the effect of fat intake
on WC and BMI, but this disappeared after adjustment for
additional potential confounders, while no interaction between
the ACE I/D polymorphism and saturated fat intake was
observed (data not shown for saturated fat intake).
When interaction terms were significant (P,0·05; likeli-
hood ratio test) or marginally significant (P,0·1; likelihood
ratio test) for at least one obesity-related phenotype after
adjustment for potential confounders, we performed stratified
analysis by ACE genotype, in order to explore the effect of
diet on obesity-related phenotypes in each ACE genotype.
We subsequently applied stratified analysis for total energy,
protein and total fat intake and found that total energy
intake was positively associated with WC in carriers of the D
allele (DD or ID genotypes; Table 4). Specifically, we found
that a 418·4 kJ (100 kcal) increase in total energy intake was
associated with 0·1 and 0·3 cm increases in WC among chil-
dren with the DD and ID genotypes, respectively (Table 4).
Moreover, protein intake was found to be positively associated
with the likelihood of being overweight and with BMI
(marginally) among the DD homozygotes. In particular, a
1 % total energy intake increment in protein intake is asso-
ciated with 9 % higher odds of being overweight v. normal
and with a 0·04 kg/m2 increase in BMI (Table 4).
Discussion
Obesity prevalence has increased enormously in the last
decades both in children and adults. This rise has reached
Table 3. Results from logistic and linear regression models evaluating the effect of interaction between angiotensin-converting enzyme 1 (ACE)
I/D polymorphism and diet on adiposity-related phenotypes in toddlers and preschoolers (Growth, Exercise and Nutrition Epidemiological Study in
preSchoolers)†
(Odds ratios or b coefficients and 95 % confidence intervals)
Being overweight BMI Waist circumference
OR 95 % CI P b 95 % CI P b 95 % CI P
Model 1
ACE I/D polymorphism
DD Reference group – Reference group – Reference group –
ID 0·77 0·27, 2·20 0·625 20·74 21·49, 0·008 0·053 22·68 24·50, 20·86 0·004
II 1·21 0·29, 4·93 0·787 20·04 21·07, 0·99 0·937 0·42 22·09, 2·93 0·741
Total energy intake 1·00 0·99, 1·00 0·178 3 £ 1024 29 £ 1025, 7 £ 1024 0·124 1023 3 £ 1024, 0·002 0·009
ACE £ total energy intake* – 0·837 – 0·094 – 0·004
Model 2
ACE I/D polymorphism
DD Reference group – Reference group – Reference group –
ID 0·40 0·07, 2·1 0·296 21·22 22·37, 20·06 0·038 23·23 26·08, 0·38 0·026
II 2·42 0·22, 26·20 0·466 20·03 21·78, 1·72 0·973 0·38 23·94, 4·69 0·863
Fat intake 1·01 0·99, 1·05 0·216 0·002 20·02, 0·02 0·794 20·003 20·05, 0·05 0·893
ACE £ fat intake* – 0·339 – 0·075 – 0·050
Model 3
ACE I/D polymorphism
DD Reference group – Reference group – Reference group –
ID 7·42 1·77, 31·05 0·006 1·14 0·13, 2·18 0·027 2·43 20·09, 4·95 0·060
II 25·35 3·50, 183·35 0·001 2·13 0·68, 3·58 0·004 4·10 0·53, 7·69 0·025
Protein intake 1·09 1·03, 1·17 0·005 0·05 0·003, 0·09 0·036 0·06 20·05, 0·17 0·322
ACE £ protein intake* – 0·004 – 0·013 – 0·050
Model 4
ACE I/D polymorphism
DD Reference group – Reference group – Reference group –
ID 0·68 0·14, 3·27 0·638 0·43 20·66, 1·52 0·441 1·51 21·18, 4·21 0·271
II 0·18 0·02, 1·64 0·130 20·66 22·29, 0·97 0·427 21·40 25·43, 2·62 0·495
Carbohydrate intake 0·96 0·94, 0·99 0·008 20·01 20·03, 0005 0·153 20·007 20·05, 0·03 0·750
ACE £ carbohydrate intake* – 0·187 – 0·327 – 0·197
*P values for interaction terms have been obtained using the likelihood ratio test.
† Fat, protein and carbohydrate intakes were entered in the models as percentage of the total energy intake. All models were adjusted for sex and age of participants.
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the grade of ‘epidemic phenomenon’ in almost all regions of
Europe, North America and Australia. It is extremely possible
that excessive energy intake, the macronutrient composition of
the diet, eating habits and/or low energy expenditure may have
more influence on this phenomenon because the human geno-
type has not changed over the last few years. Moreover, there
is strong evidence that the effect of diet on obesity-related
phenotypes is partially determined by genetic factors.
However, the lack of data regarding the nutrient–diet inter-
action among children is a major concern. Therefore, to our
best knowledge, this is the first study to assess the relationship
between the ACE I/D polymorphism and macronutrient and
energy intakes on obesity-related phenotypes in toddlers and
preschoolers.
Our findings reveal that total energy intake, as well as pro-
tein intake, is positively associated with obesity-related pheno-
types, but these associations are modified by the ACE I/D
polymorphism. In particular, we observed that total energy
intake is correlated with WC, and protein intake is associated
with BMI (marginally) and being overweight only among
carriers of the D allele (i.e. ID or DD genotypes). Moreover,
it was observed that carbohydrate intake was negatively
associated with the probability of being overweight indepen-
dently of ACE genotype (non-significant interaction between
ACE I/D polymorphism and carbohydrate intake).
Although no other studies have examined the possible inter-
action effect between diet and the ACE I/D polymorphism,
there are several studies that have explored whether overweight
children eat more than their normal-weight counterparts and
whether the diet composition may be related to weight gain
in young individuals(22,23). The results of the present study
are partially consistent with the findings of some previous
studies. In particular, Gillis et al. suggested that among children
aged 4–16 years, there is a strong relationship between total
energy consumed and juvenile adiposity(24). Similarly,
Berkey et al. reported that excessive energy intake in children
aged 9–14 years is associated with an increase in BMI(25).
Moreover, in the GENESIS study, it was found that ‘at risk
of overweight’ and ‘overweight’ toddlers and preschoolers con-
sumed more total energy compared with their normal-weight
counterparts and that the mean energy intakes of the partici-
pants exceeded their requirements(26). Moreover, in good
keeping with the findings of the present study, several
previous cross-sectional studies found that obese children con-
sumed a greater percentage of their energy intake in the form
of fat and less in the form of carbohydrate compared with
their lean counterparts(27 – 31). However, other studies found
negative or no association between energy intake and body
fat(27 – 29,32 – 34) as well as between the percentage of macro-
nutrient intake and weight gain(32,34 – 37). These differences
may be attributed to methodological errors, the use of inaccur-
ate and imprecise techniques and characteristic psychological
and dieting aspects that appear when obesity has already
arisen. Moreover, the distribution of ACE genotypes in the
different study populations may play an important role in
these discrepancies, since we revealed that the ACE I/D poly-
morphism modifies the effect of total energy and macronutrient
intake on obesity.
Furthermore, we found that protein intake is higher among
‘at risk of being overweight’ or ‘overweight’ preschoolers
and toddlers compared with their normal-weight counterparts,T
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while in a recently published work of the GENESIS, it has
been reported that almost all toddlers and preschoolers had
protein intakes more than estimated average requirement
for protein(26). In agreement with the present results, some
investigators have proposed that protein intake during the
first postnatal years is related to increased body size and adi-
posity. A possible explanation is that protein intake stimu-
lates insulin-like growth factor-1 and insulin secretion,
which promote fat storage and the proliferation of mature
adipocytes(38 – 40). Similar findings were found in a study on
rats’ in which it was found that the percentage of body fat
in rats increased if they consumed an increasing proportion
of protein(41).
Regarding our finding that the ACE I/D polymorphism may
modulate the association between energy, macronutrient
intakes and obesity-related phenotypes, no clear mechanism
can be proposed. We found a positive association between
total energy, protein intakes and obesity-related phenotypes
among carriers of the D allele. A previous study has shown
that the DD genotype is associated with higher circulating
ACE levels than the other I/D genotypes(42). ACE converts
angiotensin I into angiotensin II(10). Moreover, it has been
shown that angiotensin II promotes adipocyte growth and
differentiation and can inhibit lipolysis by reducing skeletal
and adipose-tissue blood flow leading to increased fat storage
in normal-weight and obese individuals(43), as well as angio-
tensin II increasing lipid synthesis and storage in adipose
cells in vitro (13). Taking into account the aforementioned
results we hypothesise that increased levels of angiotensin II
observed in carriers of the D allele may be associated with
alterations in macronutrient oxidation, thus resulting in fat
storage and weight gain.
There are some limitations of the present study. Due to the
cross-sectional design of the study, we cannot declare that the
examined dietary components are predictors of paediatric
obesity, but only that it is associated with an increased likeli-
hood of being overweight. Moreover, the assessment of energy
intake is, generally, questionable. Therefore, it is possible that
there is a bias in the estimation of the association between diet
and obesity. However, several aspects of the present study
suggest enhanced reliability of the data (i.e. combination of
weighed food records and 24 h recall or 3 d diary, highly
qualified interviewers who checked the records for any misre-
corded or missing information)(44). Finally, we have not
collected any data regarding the ACE I/D polymorphism in
parents.
In conclusion, it was revealed that the ACE I/D polymorph-
ism modifies the effect of total energy and protein intakes on
obesity-related phenotypes in early childhood. In particular,
we revealed that total energy intake is positively associated
with WC and protein intake is positively correlated with
BMI and being overweight only among children with the D
allele of the ACE gene. This means that increased protein
and total energy intakes may be more burdensome factors
for increased WC and increased BMI, respectively, among
carriers of the D allele. These findings reinforce the import-
ance of taking into account gene–nutrient interactions in the
understanding of causal mechanisms of complex diseases
such as obesity. Further research is required to confirm our
findings and explore possible underlying mechanisms behind
this interaction effect.
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